Abstract. Kawasaki disease (KD) is an acquired cardiac disease with a high incidence that affects children. KD has various complications, including coronary artery dilation (CAD) and coronary artery aneurysms (CAA). The identification of differentially expressed proteins and the underlying mechanisms may be the key to understanding differences between these KD complications. In the present study, isobaric tags for relative and absolute quantitation were used to identify variations in serum proteins between KD patients with CAD and CAA. In total, 87 (37 upregulated and 50 downregulated) and 65 (33 upregulated and 32 downregulated) significantly differentially-expressed proteins were identified in comparisons between control samples (healthy individuals) and those obtained from patients with KD and with CAD or CAA. Investigation into the underlying biological process revealed that variations between the two complications were associated with the wound healing response, as well as lipoprotein-and cholesterol-associated processes. Important proteins involved in the formation of the wound healing signaling network were identified via enriched biological processes and pathway analysis using ClueGo and ReactomeFIViz software. In the present study, 5 significantly differentially-expressed proteins, including mannose binding lectin 2 (MBL2), complement factor H (CFH), kininogen 1 (KNG1), serpin family C member 1 (SERPINC1) and fibronectin 1 (FN1), were selected and confirmed by western blotting. Analysis indicated that these proteins were associated to immunity, inflammation and metabolism, serving a key role within each module, which has never been reported previously. The present study proposed that MBL2, CFH, KNG1, SERPINC1 and FN1 may be a potentially excellent indicator group for distinguishing the two major KD complications, CAD and CAA.
Introduction
Kawasaki disease (KD), first described in 1967 by Kawasaki (1) , is a type of acute vasculitis with unknown etiology; however, KD is known to induce pathological alterations in medium-sized arteries, particularly coronary arteries. Some patients with KD develop coronary artery lesions and exhibit similar clinical outcomes to those of patients with coronary atherosclerosis (2) . Several studies have demonstrated that patients without coronary artery lesions still exhibit a high risk of various diseases, such as atherosclerosis, in adulthood (2) (3) (4) . KD is a main cause of acquired heart disease in children, predominantly affecting coronary arteries (5 Without routine therapy, ~25% of patients with KD develop coronary artery dilation or aneurysms (CAD or CAA, respectively) (6) . Mild CAD can regress, while CAA and severe CAD are difficult to restore to a normal state. Mueller et al (7) reported that patients with coronary artery sizes of ≤5.0 mm exhibited regression to the normal state, while patients with coronary artery sizes of >5.0 mm exhibited persistence or even increases in size. CAA with a diameter of ≥8.0 mm is strongly associated with the development of coronary artery stenosis and myocardial infarction (7) .
These results indicate that KD may exert long-term effects on the coronary artery and cause pathophysiological insults of the cardiovascular system leading to CAD or CAA. To further understand complications in patients with KD, it is important to investigate the mechanisms of CAD and CAA formation, and to characterize the differences among normal coronary arteries, CAA and CAD. Coronary artery specimens are optimal for CAD and CAA studies; however, they are difficult to collect from patients with KD. Thus, blood samples were used in the present study.
Rapid advances in mass spectrometry (MS) for peptide identification and improved protein sequence coverage of complex biological samples (8) has provided highly effec- (8) has provided highly effechas provided highly effective proteomic technologies for biomarker identification and therapeutic target discovery in serum samples (9, 10) . In order to obtain accurate and reliable results, isobaric tags for relative and absolute quantitation (iTRAQ) and MS were employed for quantitative proteomics analyses, with increased proteome coverage and labelling efficiency to compare proteomes among serum samples from healthy individuals, and patients with KD and CAD or CAA (6) . Western blotting was employed to confirm the significantly expressed proteins following bioinformatics analysis. The objective of the present study was to investigate proteomic variations to further our current understanding of the pathogenesis of coronary artery lesions, and provide a basis for the establishment of indicators for these KD complications.
Materials and methods
Preparation of serum samples. Blood samples were collected from 51 children (≤6 years old) who recruited to the present study (Table I) . Written informed consent was obtained from the guardians of each participant and the present study was approved by the Ethical Committee of Guangzhou Women and Children's Medical Center [(2013)077; Guangdong, China] based on the Japanese Ministry of Health and Welfare criteria, and the American Heart Association (6,11). A total of 17 age-and sex-matched samples obtained from normal children, served as the controls; individuals were physically examined in Guangzhou Women and Children's Medical Center. The other 34 samples (17 CAA and 17 CAD) were obtained from patients who were diagnosed and excluded of other possible diseases by ≥2 pediatric cardiologists. Blood samples were separated by centrifugation at 1,000 x g for 10 min at 4˚C and aliquots of serum were collected and stored at -80˚C. Serum samples were processed to remove albumin and immunoglobulin G (IgG) using a ProteoPrep Blue Albumin and IgG Depletion kit (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). The concentrations of these proteins were determined using a Bradford protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). These protein samples were randomly combined into 17 comparison groups, each of which included 1 control sample, 1 CAA sample and 1 CAD sample. Of the 17 comparison groups, 5 were randomly chosen and pooled together according to each type of sample; 3 pooled samples of the control, CAA and CAD groups were produced, and were subsequently analyzed by iTRAQ (Sciex, Framingham, MA, USA) experiments (Table IA) . The other 12 groups out of the total 17 were analyzed via western blotting. Information regarding the groups and diagnosis is presented in Table IB .
Protein identification and analysis. iTRAQ labeling was performed according to the manufacturer's instructions (Sciex). Briefly, 100 µg of each protein sample was reduced with Tris(2-carboxyethyl)phosphine hydrochloride reducing reagent (Sciex) at 60˚C for 1 h, and alkylated with methyl methanethiosulfonate cysteine-blocking reagent (Sciex) for 30 min at room temperature. Then, proteins were digested with 2% trypsin (Promega Corporation, Madison, WI, USA) at 37˚C overnight, at a ratio of 1:50 (enzyme-to-substrate). Each sample was labelled separately with the iTRAQ tags (118 tag for control, 113 tag for CAA and 116 tag for CAD), then dehydrated by centrifugation at 6,000 x g for 4 h at 25˚C in a vacuum centrifuge.
iTRAQ-labelled samples were firstly diluted to 100 µl with H 2 O buffer (NH3 • H 2 O, pH=10) prior to high performance liquid chromatography on a Dionex Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) at 25˚C on a Gemini-NX 3u C18 110A; 150x2.00 mm Phenomenex column, and Gemini 3u C6-Phenyl 110A; 100x2.0 mm column (all from Phenomenex, Torrance, CA, USA). The flow rate used for reversed-phase column separation was 0.2 ml/min with H 2 O (mobile phase A) and 80% acetonitrile (mobile phase B) with the following gradient system parameters: 5-10% B for 0-15 min, 15-28% B for 15-48 min, 25-37% B for 48-60 min, 37-95% B for 60-65 min and 95% B for 65-70 min. The elution was monitored by absorbance at 214/280 nm and the fractions were collected every 50 sec; these were pooled for each sample and dehydrated by centrifugation at 6,000 x g for 4 h at 25˚C in vacuum centrifugation.
Peptides were separated with mobile phase A (0.1% formic acid), and 5-40% mobile phase B (0.1% formic acid and 80% acetonitrile) for 99 min (0.3 ml/min flow rate). MS analysis was performed on a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with the following parameters: MS spectra were acquired across the scan range of 350-1,800 m/z in high resolution mode (>35,000) and 100 msec was accumulated per spectrum. A maximum of 20 precursors per cycle were chosen for fragmentation, with 120 msec set as the minimum accumulation time for each precursor and dynamic exclusion for 10 sec.
The database searching of MS raw data was conducted against the human protein database by ProteinPilot Software 5.0 (Sciex). The search parameters were set as: 'Cys alkylation', 'Methyl methanethiosulfonate', 'Digestion', 'Trypsin', ≤1 missed trypsin cleavage was allowed and the false discovery rate (FDR) was <0.01.
Gene Ontology (GO) term and pathway analysis. The Cytoscape plug-in ClueGO (12) and ReactomeFIViz (13) were applied for the differentially expressed proteins to process the Biological Process GO terms, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (www.genome.jp/kegg/). P<0.05 and FDR <0.01 were selected as threshold values for GO and KEGG pathway enrichment. visualized using the SuperSignal chemiluminescence system (Promega Corporation).
Results

Characteristics of patients with KD.
Blood samples were obtained from 51 children (including 17 controls, 17 patients with CAA, and 17 patients with CAD); basic diagnostic information is shown in Table IA and B. The patients with KD were ≤6 years and had clear clinical features; the abnormal degree of coronary alteration revealed that some rare CAA samples were included. Representative echocardiographic images of patients with KD and CAD or CAA, and healthy individuals are presented in Fig. 1 . Fig. 1 shows that the diameter of the normal coronary artery was <3 mm and the diameter of CAD was <4 and >3 mm and the diameter of CAA was >5 mm. The maximum diameter of the coronary artery was indicated in the images.
Trial profile and study design. A total of 51 samples were divided into 17 groups, each of which contained one control, one CAD and one CAA sample. Of the 17 groups, 5 were randomly selected and the samples from these groups were pooled based on the sample type for iTRAQ analyses in order to detect significantly differentially expressed proteins. The other 12 groups were analyzed via western blotting. All experiments and validation procedures are summarized in in Fig. 2 .
Identification of differentially expressed proteins in KD patients with CAA or CAD by iTRAQ. Three pooled samples of the control, CAA and CAD groups, were subjected to iTRAQ. As presented in Fig. 2 , MS analysis was performed twice using the iTRAQ technique to ensure that reliable results were obtained; 392 and 389 proteins were identified as a result of the two independent experiments. In total, 301 proteins overlapped in the two experiments and were considered the final accurate detected, high-quality proteins for the differential expression analysis. A threshold change of 1.5-fold was established to identify differentially expressed proteins in comparisons between CAD and control samples or CAA and control samples. For comparisons between CAD and control samples, 37 upregulated proteins and 50 downregulated proteins were identified as differentially expressed. For comparisons between CAA and control samples, the numbers of upregulated and downregulated differentially expressed proteins were 33 and 32, respectively (Tables II and III) .
Differentially expressed protein categorization and network modelling. The functions (i.e., biological processes) of these differentially expressed proteins were analyzed using ClueGO, a Cytoscape plug-in that integrates GO terms (12) . Pie charts were used to display the differences in the distribution of functional categories for differentially expressed proteins between KD patients with CAD and CAA (Fig. 3A) . For the CAD vs. control comparison, 9 enriched processes were observed; however, only 4 processes were enriched in the CAA vs. control comparison. These results are presented as bar charts in Fig. 3B , which use the same color scheme as that of the pie charts. Analysis of the biological processes, as summarized in the two pie charts, notably demonstrated that the wound healing response and lipoproteins are involved in CAD and CAA. In a combined analysis of the corresponding CAA/CAD bar charts and pie charts, the main differentially expressed proteins were involved in the wounding response, and lipoprotein and cholesterol-associated processes, indicating that KD patients with CAA may suffer more harmful attacks in the coronary arteries or surrounding areas. To comprehensively characterize the associations among significantly differentially expressed proteins in CAA and CAD, KEGG pathway enrichment analysis and signaling network modelling were employed using the Cytoscape plug-in ReactomeFIViz (13) (Fig. 4A) . The thresholds for pathway enrichment were defined as P<0.05 and FDR <1%. These enriched pathways were associated with bacterial and viral infection (e.g., Staphylococcus aureus infection), inflammatory responses (e.g., complement cascades and platelet activation) and other metabolic processes. Various bacteria and viruses have been reported as infectious agents of KD, such as Staphylococcus aureus (14) , which may explain the activation of the inflammatory response pathways. However, KD is a highly-complicated disease, and its etiology and pathology are still unclear. The infection and inflammatory response-associated sub-networks were extracted from the whole differentially expressed protein networks in KD and the sub-network was highly enriched for proteins in infectious and inflammatory pathways. Some of these have demonstrated a high correlation with KD; the expression levels of the fibrinogen γ chain, which belongs to the fibrinogen family, are associated with KD according to a previous study (15) . Thus, the sub-network generated was deemed to be associated with KD (Fig. 4B) . The network proteins were divided into 5 modules (presented as nodes of different colors in the figure) according to different clusters; proteins that serve a core role in each module and have either 95% CI, percentage of matching amino acids from identified peptides having confidence intervals ≥95%, divided by the total number of amino acids in the sequence; Unused ProtScore, a measure of the protein confidence for a detected protein, calculated from the peptide confidence interval for peptides from spectra that are not already completely used by higher scoring winning proteins. Con, control group; CAD, coronary artery dilation group. not been investigated or have rarely been investigated in previous studies were identified. Specifically, CFH, MBL2, KNG1, FN1 and SERPINC1 were identified as primary candidates involved in CAA and CAD (presented as bigger nodes with red circles). CFH and MBL2 were associated with classical complement proteins (yellow and pink clusters), KNG1 and FN1 were associated with proteins correlated to KD (grey and green clusters), and SERPINC1 is as an inhibitor in a complement protein associated pathway (green cluster). These results clarified the differentially expressed proteins in CAA and CAD samples and the associations among proteins in the network.
Validation of proteomics results.
Alterations in the expression levels of proteins were validated by western blotting using CAD and CAA samples, and normal samples for comparison. Five proteins (CFH, MBL2, KNG1, FN1 and SERPINC1) were validated in 12 groups of samples (each including 1 control, 1 CAD and 1 CAA sample); the results for 5 of 12 validated groups are presented in Fig. 5 . The protein expression results for the 5 proteins exhibited high specificity and were consistent with the proteomics results observed in the iTRAQ. In particular, MBL2 and CFH exhibited reduced expression levels within the CAD samples, and the opposite results were obtained for KNG and SERPINC1, in which the expression levels were downregulated within CAA samples. The expression levels of FN1 were downregulated in the CAD and CAA samples when compared with the control samples.
Discussion
The increased risk of coronary artery complications in patients with KD results in increased morbidity and mortality. The pathological processes of coronary artery lesions include endothelial dysfunction, the destruction of the internal elastic lamina, thrombocytosis and hypercoagulability. CAD and CAA are the main complications of KD, and may cause cardiovascular events (16) . It is highly important to determine the mechanisms of CAD/CAA to prevent and treat these complications. In the present study, serum protein level differences between healthy volunteers, patients with CAD and patients with CAA were investigated. The results suggested that several pathways, including those involved in the response to wounding, lipoprotein remodeling, platelet activation and blood coagulation, may differ between healthy volunteers, patients with CAD and patients with CAA.
In the present study, differentially expressed proteins associated with the two coronary artery abnormalities, CAD and CAA, within patients with KD were identified using proteomics methods. A total of 51 samples were divided into 17 groups. Each group contained 1 control sample, 1 CAD sample and 1 CAA sample. Three pooled samples (5 control, 5 CAD and 5 CAA) were generated by combining samples from 5 groups and were used for iTRAQ analyses to detect significantly differentially expressed proteins. The other 12 groups were used for western blot validation. In total, 87 and 65 differentially expressed proteins for the CAD and CAA were obtained, respectively, compared with the control. 95% CI, percentage of matching amino acids from identified peptides having confidence intervals ≥95%, divided by the total number of amino acids in the sequence; Unused ProtScore, a measure of the protein confidence for a detected protein, calculated from the peptide confidence interval for peptides from spectra that are not already completely used by higher scoring winning proteins; Con, control group; CAA, coronary artery aneurysm.
The biological processes associated with differentially expressed proteins in CAD and CAA were also analyzed. Variations between the two conditions were identified in the present study; lower representation of proteins associated with the wounding response, lipoprotein modelling, platelet activation and blood coagulation, revealed that patients with KD and CAD may exhibit stress responses associated with coronary artery injury. However, within CAA patients, the representation of proteins involved in the response to wounding and the corresponding cholesterol components increased significantly with respect to control samples, indicating aggravated injury in coronary arteries. All of the identified significant proteins were used to construct a signaling network to clarify the overall pathway associations. The main pathways were enriched for functions in infection and immune associ-associassociated diseases, inflammation and metabolism. These results are consistent with a previous hypothesis (17, 18) . Thus, the present study focused on the infection, inflammation and coagulation pathways, which were extracted from the above network as a novel network for further analyses.
As presented in Fig. 3B , a few proteins in this network have been reported in previous studies associated with KD, including complement C3 (C3) (19) , apolipoprotein A-I (20) , and fibrinogen β chain (21) . Accordingly, the focus of the present study was on significant proteins that have not been reported previously and served key roles in each cluster of the Bar charts demonstrating the specific processes that correspond to the classification; the same color key that was used in the pie charts has also been applied in these charts. P<0.05 was used as a threshold for gene ontology categories enrichment. KD, Kawasaki disease; CAA, coronary artery aneurism; CAD, coronary artery dilation.
network. Thus, the five proteins, CFH, MBL2, KNG1, FN1 and SERPINC1 were selected as candidate proteins associated with CAD and CAA. The western blot results for the five proteins were consistent with those of the iTRAQ analyses. CFH (yellow cluster), MBL2 (pink cluster), KNG1 (grey cluster), FN1 (green cluster) and SERPINC1 (green cluster) were identified as primary candidates involved in CAA and CAD (presented as bigger nodes with red circles). P<0.05 was a threshold for KEGG pathway enrichment. KD, Kawasaki disease; CAA, coronary artery aneurism; CAD, coronary artery dilation; KEGG, Kyoto Encyclopedia of Genes and Genomes; FN1, fibronectin 1; CFH, complement factor; KNG1, kininogen 1; MBL2, mannose binding lectin 2; SERPINC1, serpin family C member 1; FDR, false discovery rate. MBL2 and CFH were reduced in KD with CAD compared with controls. KNG1 and SERPINC1 were downregulated in KD with CAA. FN1 was differentially expressed in both diseases; FN1 decreased in CAA and CAD when compared with controls.
CFH and MBL2 were in the complement protein-associated part of the network. Complement proteins, similar to the defense and clearance systems, serve an important role in the innate immune system. Pathogens activate the main complement protein C3 via one of the classical complement proteins, such as lectin, or alternative pathways to form C3b. The process is regulated to avoid excessive C3b production, which damages host cells, or a C3b deficiency, which induces an immune-compromised state via the main regulatory complement factor CFH (22) . MBL2 is a macromolecule that contains sugar-binding lectin and collagenous domains, and forms MBL-associated serine proteases to cleave complement proteins C2 and C4. The complex process is also known as the MBL pathway. A reduced level of MBL is associated with increased bacterial or viral infections in children, and MBL is known to serve a dual role in KD. Within children <1-year-old, MBL may be associated with the resistance of infections, and in older children, MBL may be associated with endothelial damage (23) . Decreases in CFH and MBL2 were only observed in KD with CAD samples, which suggested a dysfunction in the complement system. KNG1 and SERPINC1 are located in a coagulation-associated network. To the best of our knowledge, the direct genetic interactions of KNG1 with histidine-proline rich glycoprotein (HRG) and coagulation factor XII have never been reported in previous KD studies. However, some studies have indicated that they may interact with each other in the coagulation pathway. KNG1 and HRG have similar structures and are adjacent to each other on chromosome 3, which suggests that these proteins may exhibit similar functions (24, 25) . HRG deficiency is associated with enhanced blood coagulation, which indicates that decreased KNG1 is a potential cofactor to enhance coagulation (26) . The potent anticoagulant SERPINC1 is a coagulation protease inhibitor and also possesses independent anti-inflammatory properties. Overexpressed SERPINC1 stimulates the expression of Coagulation Factor II and other proteases (27) . The protein is mainly associated with the diseases, inherited thrombophilia (28) and SERPINC1 deficiency (29) , by affecting the anticoagulation pathways. The downregulation of KNG1 and SERPINC1 observed in KD with CAA samples may increase blood coagulation to enhance thrombosis.
FN1 is a multifunctional glycoprotein that serves in the plasma and extracellular matrix as a soluble dimer, or at the cell surface as a dimer or multimer. It participates in multiple biological processes, including cell adhesion, migration, wound healing, and blood coagulation (30) . Both CAD and CAA are characterized by endothelial dysfunction and stress responses to wound healing. Therefore, the decrease in FN1 expression levels in patients with coronary artery lesions may be associated with the aforementioned pathways.
In conclusion, the present study identified five candidate proteins differentially expressed in patients with KD and CAD/CAA: CFH, MBL2, KNG1, FN1 and SERPINC1. These five proteins provide a basis for understanding the differences between CAD and CAA in patients with KD. The alterations in MBL2 and CFH indicated that responses to pathogen infec-MBL2 and CFH indicated that responses to pathogen infec-MBL2 and CFH indicated that responses to pathogen infecto pathogen infecto pathogen infections and the innate immune system may be closely associated with the development of CAD. Decreased levels of KNG1 and SERPINC1 revealed that dysfunctions in coagulation accompanied the development of CAA. Decreased FN1 expression levels in the two conditions indicated that the pathways, including cell adhesion, migration, wound healing and blood coagulation may serve a role in the occurrence of CAD and CAA. The five proteins investigated in the present study may also serve to distinguish CAD and CAA in the early diagnosis of KD.
